Volume regulation is a necessary task for spermatozoa as the osmolarity of female tract fluids is lower than that in the epididymis and because the disruption of it in transgenic mice results in infertility. As the specific mechanisms behind this phenomenon are unknown, spermatozoa from mice were screened for sensitivities to inhibitors known to affect specific channels involved in volume regulation of somatic cells. Spermatozoa from the cauda epididymidis were exposed to physiological hypotonic conditions with and without inhibitor. 
INTRODUCTION
Regulation of cellular volume is vital for a wide range of physiological functions. While it has been generally accepted that spermatozoa have mechanisms for adjusting their volume at times of osmotic stress, the physiological significance of volume regulation for sperm function has only recently been appreciated. This avenue of research was stimulated by studies on c-ros (ROS1) tyrosine kinase knockout mice, which produce spermatozoa unable to reg-ulate their volume [1] . These mice lack the initial segment of the epididymis, and their spermatozoa do not acquire the ability to regulate volume. On exposure to female tract fluids, these spermatozoa swell, form hairpins or angulate at the cytoplasmic droplet, and are unable to migrate to the site of fertilization [2] . By contrast, spermatozoa from wildtype mice under such a hypo-osmotic challenge perform regulatory volume decrease (RVD) to maintain their volume [3] . This loss of fertility in the knockout mice not only highlights the physiological significance of sperm volume regulation but also opens up the possibility of manipulating this phenomenon for the purpose of posttesticular male contraception. However, before this application can be realized, the specific mechanisms of volume regulation must be determined.
The ability of spermatozoa to undergo RVD is acquired in the epididymis [1, 4, 5] . It has been suggested that this maturation occurs through isovolumetric regulation, by which the cells gradually take up osmolytes available to them in the epididymal lumen when they encounter the increasing osmolarity generated by the secretion of osmolytes by the epididymis [6] . This can be a lengthy process taking up to 5 days in the mouse [7] . In this situation, changes in cell volume would be undetectable, yet there would be a continual increase in intracellular concentrations of osmolytes. The osmolytes acquired in the epididymis could then be used in the subsequent volume regulation required by the spermatozoa during their transition from the epididymis to the site of fertilization, as the difference in osmolarity of the male tract is approximately 80 mmol/kg higher than that measured in the murine female tract [1, 2] .
Although the nature of the osmolytes is becoming clearer [8] , more thorough knowledge of volume regulation has been established for somatic cells. The typical response of a cell to swelling is the release of osmolytes, which in somatic cells [9] and porcine spermatozoa [10] most often involves separate K ϩ and anion channels, although tissuespecific differences exist [9] . The role of K ϩ in volume regulation of various somatic cells has been widely confirmed [11] . Several studies have found high concentrations of intracellular K ϩ in spermatozoa (bulls [12] , mice [13, 14] ), and it is known that concentrations of K ϩ increase in luminal fluid along the length of the epididymis, giving spermatozoa the opportunity to accumulate this osmolyte [15] .
Judged by the significant role of potassium in volume regulation by somatic cells and the high amounts of K ϩ in spermatozoa, a role for K ϩ in regulatory volume decrease of sperm cells is likely. Studies in mice [1] , bulls [16, 17] , boars [17] , humans [18, 19] , dogs [20] , and monkeys [5] have demonstrated a sustained increase in sperm size when exposed to hypotonic media in the presence of quinine, a broad-spectrum K ϩ channel blocker. The reversal of the ef- fects of quinine by the K ϩ ionophore valinomycin demonstrated in bovine [16, 17] and human [18] spermatozoa further supports the involvement of K ϩ . It is common practice in electrophysiology to characterize channels by their pharmacological sensitivities. The channels possibly involved in the volume regulatory response can be narrowed down by systematically testing the cell's response to various compounds known to block specific channels [21, 22] . This strategy has been employed to determine the channels involved in volume regulation of somatic cells [23] . In an effort to understand volume regulation of spermatozoa better, in this study the effects of specific and nonspecific channel inhibitors, as well as the effects of extracellular pH, on the ability of murine sperm to regulate their volume were investigated.
MATERIALS AND METHODS

Incubation Media and Inhibitors
All spermatozoa were incubated in warmed (37ЊC) Biggers-Whittingham-Whitten medium [24] containing 20 mM Hepes and 4 mg/ml bovine serum albumin (BSA) at pH 7.4. All media were adjusted to an osmolality of 330 mmol/kg (BWW 330 ), the osmolarity of postcopulatory uterine contents [2] , as measured by a vapor pressure osmometer (Wescor Vapro model 5520; Kreienbaum Messsysteme, Langenfeld, Germany) by addition of deionized water or 1M NaCl. The osmometer was calibrated each day using a 290-mmol/kg standard supplied by the manufacturer. Inhibitors and the concentrations tested are listed in Table 1 . All chemicals were from Sigma (Taufkirchen, Germany) except for clofilium tosylate (Alexis Biochemicals, Grünberg, Germany) and phrixotoxin (Alomone Labs, Jerusalem, Israel).
Animals
All 33 mice used in this study were at least 70 days old, were of the C57BL6 strain (Charles River, Sulzfeld, Germany), and were used for the collection of epididymal spermatozoa. Animals were killed by asphyxiation with CO 2 followed by cervical dislocation. The experiments using these animals were conducted according to the German Federal Law on the Care and Use of Laboratory Animals (license no. G67/01).
Collection of Epididymal Spermatozoa
The testis-epididymis complex was dissected out and the cauda epididymidis isolated. The capsule of the cauda epididymidis was gently torn open with fine forceps to expose the tubule. The tubule was then carefully uncoiled so that the entire length of the mid-and distal cauda tubule was exposed. Beginning from the distal end, sections of the tubule (about 10) were cut out and placed in separate 10-l drops of BWW medium Ϯ inhibitor on a plastic spatula. The order of inhibitors tested during the experiment was rotated to ensure that the location of the spermatozoa within the cauda did not confound the results. The spermatozoa were then gently teased from the tubule, and the tubule was removed from the drop. The drop was then dispersed in 200 l of the same medium, and the sperm suspensions were placed in an incubator (37ЊC, 5% [v/v] CO 2 in air). After approximately 2 min, sperm suspensions were gently agitated to ensure dispersal of the spermatozoa and the incubation continued for 5-75 min.
Measurement of Cell Size by Flow Cytometry
Changes in sperm cell volume were measured in a flow cytometer (Coulter Epics XL, version 3.0, Krefeld, Germany) according to the method established by Yeung et al. [3] . After 5 and 75 min of incubation, approximately 80 l sperm suspension (approximately 2-10 ϫ 10 6 sperm/ ml) were added to 200 l of the same medium lacking BSA and containing 3 l of propidium iodide (PI: 6 g/ml). On gentle agitation to mix the sample, flow cytometric measurements were recorded immediately. Forward and side scatter signals were recorded under laser excitation at 488 nm. Data were collected from 5000 particles excluding cellular debris gated out by forward and side scatter signals and spermatozoa with ruptured membranes gated out by detection of PI fluorescence (emission 605-635 nm). Mean values of forward side scatter of the PI-negative cells were used for subsequent analysis. Relative cell sizes were calculated by dividing the mean forward scatter of cells incubated in inhibitor by the mean forward scatter of cells from the same epididymis incubated without inhibitor at each time point. The same flow cytometer and settings were maintained throughout the study. 
Effects of pH on Volume Regulation and Action of Inhibitors
To determine the effect of pH on the volume regulation, spermatozoa were incubated in BWW 330 with pH 6.3, 7.4, and 8.4. BWW 330 pH 7.4 was prepared as described previously. For BWW 330 pH 6.3, Hepes was replaced by 20 mM Mopso, and BWW 330 pH 8.4 was buffered with either 20 mM Tris or 20 mM Hepes. All media were adjusted to the desired pH with HCl or NaOH.
Western Blotting
For membrane protein extraction, thawed pellets from 6 million spermatozoa were taken up in 50 l lysis buffer (125 mM NaCl, 25 mM Hepes, 10 mM EDTA, 10 mM Na-pyrophosphate, 10 mM NaF, 0.1% [w/ v] SDS, 0.5% [w/v] deoxycholate, 1% [v/v] Triton X-100 at pH 7.3) containing 10 l protease inhibitor cocktail (Sigma) and phosphatase inhibitor 1 mM Na 3 VO 4 and intensely vortexed for 3 min. The samples were kept on ice for 1 h with frequent vortexing. The suspension was centrifuged for 20 min at 20 000 ϫ g at 4ЊC (Heraeus Biofuge Stratus; Kendro Lab Products, Langendselbold, Germany). The supernatant membrane extract was stored at Ϫ80ЊC.
Polyacrylamide gel electrophoretic separation of proteins was carried out using 4-12% (w/v) NuPAGE Novex Bis-Tris precast gels (8 ϫ 8 cm, 1 mm thick; NuPage, Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, with 50 g protein sample in each lane after heating at 65ЊC for 10 min in the absence of DTT. Separated proteins were transferred onto ECL-Hybond membranes (Hybond ECL; Amersham Pharmacia, Uppsala, Sweden) using 150 mA at 35 V for 3 h and stained with Ponceau to check protein loading and visualize the molecular weight markers. After blocking with StartingBlock (Pierce, Perbio Science, Bonn, Germany) for 1 h at room temperature, the membrane was incubated with primary affinity-purified rabbit antibodies against Kv1.4, Kv1.5, Kv4.2, Kv4.3, TASK2, and TASK3 diluted 1:2500 (Alomone Labs, Jerusalem, Israel) followed by a secondary goat anti-rabbit horseradish peroxidaseconjugated antibody diluted 1:250 000 (Pierce). Antigen-adsorbed primary antibody was prepared by adding 10 g to the control peptide antigen (10 g: TASK2, TASK3, Kv4.3, Kv4.2; 30 g Kv1.5, Kv1.4) and incubated overnight at 4ЊC on a rotating plate. The remaining primary antibody was also incubated overnight at 4ЊC on the same rotating plate. Aliquots of the resulting adsorbed solution and primary antibody were frozen and kept at Ϫ20ЊC until exposed to blotted membranes. Peroxidase-bound protein bands were visualized using the ECL-Plus method (Femto-signal; Pierce). The molecular weights of the signal bands were analyzed using the line densitometer software (ChemImage System, IS4400; Alpha Innotech Corp., San Laendro, CA).
Statistics
All comparisons were made using one-way repeated measures ANOVA followed by the Dunnett post hoc test against the control. In the event that the data failed the normality or equal variance test, one-way ANOVA on ranks was used followed by the Dunnett or Dunn post hoc test against the control, respectively. Values were considered significantly different with P Ͻ 0.05. Graphs indicate the mean ϩ SEM.
RESULTS
As spermatozoa do not respond to quinine under isotonic conditions [16, 17] , cell swelling in response to quinine was taken as evidence of volume regulation under the hypotonic conditions employed. Thus, BWW 330 with 0.8 mM quinine was used as the positive control based on previous studies showing that murine sperm swell when exposed simultaneously to quinine and a hypo-osmotic challenge [3] . Spermatozoa from all mice used in these experiments were undergoing volume regulation in the inhibitor-free hypotonic medium as indicated by the statistically significant increase in their forward scatter in the presence of quinine (at 5 min, mean difference in channel number from the control Ϯ SEM, 109.9 Ϯ 3; at 75 min, mean 85.2 Ϯ 4.75).
Measurement of Cell Size by Flow Cytometry
After 5 min incubation, two inhibitors caused a significant difference in forward scatter. Spermatozoa incubated in quinine (0.8 mM) and 4AP (4 mM) were significantly larger than the control (Fig. 1) . Preliminary time course experiments indicated that the maximum difference in size between control and quinine-treated spermatozoa occurred after 75 min (data not shown). Thus, the secondary incubation time point of 75 min was chosen to maximize the sensitivity of the screening test despite possible confounding effects of capacitation [16, 25] . This different time course from that obtained before [3] may reflect the addition of Hepes to the medium to confer greater pH control of samples held outside the incubator.
Several inhibitors induced swelling of murine spermatozoa at 75 min, including cadmium (0.2 mM), flecainide (100 M), 4-aminopyridine (4 mM), barium (1 mM), clofilium (10 M), phrixotoxin (100 nM), and quinine (0.8 mM). Spermatozoa incubated in phlorizin (500 M) produced significantly lower forward scatter values than those of the control (Fig. 2) , whereas other inhibitors showed no effect.
Cell Viability
At 5 min, there were no significant differences in the percentage of membrane-intact sperm between any of the inhibitors tested as indicated by PI staining. Only flecainide (100 M) and cadmium (0.2 mM) had significantly lower percentages of PI-negative cells after 75 min incubation (control, 63.5% Ϯ 1.8; flecainide, 45.5% Ϯ 3.6; cadmium, 48.0% Ϯ 4.0).
Effects of pH on Volume Regulation
After 5 min incubation, spermatozoa incubated in drugfree BWW 330 at pH 6.3 and pH 8.4 in Hepes buffer were the same size as those at pH 7.4, but those incubated at pH 8.4 in Tris were significantly larger. The same phenomenon was found after 75 min incubation ( Table 2 ). The viability of spermatozoa was not significantly different at different pH values at either time point.
Western Blotting
Two specific bands detected by an antibody against Kv1.5 protein were visible and estimated to be of size 84.8 and 76.4 kDa but were not present when the antibody was adsorbed with antigen. Incubation of sperm membrane proteins with a TASK2 antibody also yielded two specific bands at 113 and 99 kDa that were not present on membranes incubated with the preadsorbed antibody (Fig. 3) . No specific bands were observed when membranes were incubated with antibodies against Kv1.4, Kv4.2, Kv4.3, and TASK3 (data not shown).
DISCUSSION
Volume regulation is an extremely important process for spermatozoa that, if disrupted, leads to infertility. The mechanisms underlying volume regulatory responses of sperm from various species are just beginning to be revealed. The goal of these experiments was to characterize the channels, in particular the K ϩ channels, involved in the volume regulation of murine spermatozoa. Candidate channels were identified by comparing responses of spermatozoa to concentrations of channel blockers that prevent volume regulation of somatic cells. The potential channels
identified here on murine spermatozoa have pharmacological sensitivities that correspond to those found in somatic cells. Four-aminopyridine (4AP) is a quaternary ammonium blocker routinely used in electrophysiological studies to identify voltage-gated (Kv) channels [26] . The significant increase in sperm size after 5 and 75 min incubation in hypotonic medium with 4AP suggests that voltage-gated potassium channels are involved in volume regulation. The insignificant results from incubation in TEA, charybdotoxin, and margatoxin excluded the involvement of the majority of Kv channels except Kv1.4 and Kv1.5 (see Table 1 ). Kv1.5 has previously been implicated in volume regulation of electrically unexcitable cells [27] , but there is currently no evidence for the involvement of Kv1.4 in volume regulation of other cell types. Recently, a high-conductance, 4AP-sensitive channel has been identified in human spermatozoa using patch clamping [28] . In addition, 4AP also inhibits volume regulation of human [18] and cynomolgus monkey spermatozoa [5] .
The sensitivity of murine spermatozoa to flecainide, cadmium, phrixotoxin, and 4AP suggests that the Kv4 potassium channels may have a role in volume regulation of murine spermatozoa. These channels (Kv4.1, Kv4.2, and Kv4.3) are involved in A-type currents (rapidly inactivating, 4AP-sensitive, K ϩ currents [29] ). Murine colonic myocytes contain all three Kv4 channels, but Kv4.3 transcripts are relatively more abundant and extremely sensitive to micromolar concentrations of flecainide [29] . COS7 cells transfected with wild-type Kv4.2 channels show a concentration-dependent inhibition by flecainide [30] . When transfected into HEK293 cells, Kv4.3 channels, which mediate the transient outward potassium current in the human heart, are inhibited by cadmium chloride with an EC 50 of 0.110 M [31] . Phrixotoxins specifically inhibit Kv4.2 and Kv4.3 by altering the gating properties [32] . Collectively, these results suggest the involvement of Kv4.1, Kv4.2, and Kv4.3 in volume regulation by murine spermatozoa.
Spermatozoa were significantly larger when incubated in hypotonic medium containing clofilium, another quaternary ammonium derivative, and barium chloride. The family of potassium channels known to have two pore regions and four transmembrane helices (2P-4TM) are blocked by clofilium. These proteins are thought to channel the leak or background conductances that maintain the passive properties of the cell [33] , including volume regulation. The TWIK-related, acid-sensitive potassium channel 2 (TASK2) in Ehrlich cells is blocked by clofilium with an IC 50 of 25 M and may participate in volume regulation of these cells [33] . The 2P-4TM channels are also characterized by an insensitivity or low sensitivity to a range of conventional K ϩ channel blockers such as 4AP, TEA, and barium chloride [33] . However, barium was found to inhibit TASK3 transfected into COS-7 cells [34] .
The present results also suggest channels that are unlikely to be involved in volume regulatory responses of murine sperm. That glybenclamide did not affect volume regulation argues against inwardly rectifying channels Kir6.1 (KCNJ8) or Kir6.2 (KCNJ11) being involved. By similar reasoning the Ca 2ϩ -activated K ϩ channels Slo1 (KCNMA1) and SK4 (KCNN2) (CTX-sensitive) and SK2 (KCNN2) and SK3 (KCNN3) (apamin-sensitive) are unlikely to mediate sperm volume regulation [21, 35] . Of the Kv channels, Kv1.2 (KCNA2) and Kv1.3 (KCNA3) are inhibited by CTX; Kv1.3, Kv1.6 (KCNA6) and Kv1.7 (KCNA7) are inhibited by MTX and Kv1.1 (KCNA1), Kv2.2 (KCNB2), Kv3.1-3.4 (KCNC1-4) , Kv7.1 (KCNQ1), Kv7.2 (KCNQ2), Kv7.4 (KCNQ4), EAG1 (KCNH1), EAG2 (KCNH5), ERG1 (KCNH2), ERG2 (KCNH6), and ERG3 (KCNH7) are inhibited by TEA [21, 22] thus ruling out their operation in sperm volume regulation as the process was not affected by these inhibitors.
Phlorizin, 4-aminobutyrate, and threo-␤-hydroxyaspartate are inhibitors of channels used by organic osmolytes (myo-inositol [36] , carnitine [37] , and glutamate [38] , respectively). Judging by lack of swelling by incubation in these inhibitors, there was no indication of significant involvement of such channels in the volume regulation of spermatozoa at this osmolality during this time period. Other inhibitors are known to block channels used by organic osmolytes that may inhibit volume regulation of sperm cells. Phlorizin is a sodium-dependent hexose transport inhibitor that blocks myo-inositol transport in murine oocytes [36] . However, this nonspecific blocker also inhibits water transport through the sodium-glucose cotransporter (SGLT1) expressed in Xenopus laevis [39] and fluid absorption by renal proximal tubules of the teleost Carassius auratus [40] . Thus, the finding that murine spermatozoa incubated in phlorizin were significantly smaller than the control may be due to the inability of water to enter the treated cell.
Western blotting of proteins from several potential osmolyte channels (Kv1.5, Kv1.4, Kv4.2, Kv4.3, TASK2, and TASK3) revealed specific bands for Kv1.5 and TASK2. The specific bands found for Kv1.5 (85 and 76 kDa) were similar but not identical to those reported for Schwann cells (90 and 65 kDa [41] ) and rat atrium (75 and 60 kDa [42] ). The TASK2-specific bands at 113 and 99 kDa were different from the reported value of 45 kDa found in rat kidney by the antibody distributor (Alomone Labs). The differences in the values found here and those reported in the literature may suggest the presence of sperm-specific isoforms of these channels on murine spermatozoa.
Results from the pH experiments indicate that regulation of volume may be influenced by the extracellular pH of the cell although not in the manner expected. Clofilium-sensitive TASK2 seems to be involved in volume regulation of murine spermatozoa as indicated by the channel inhibitor experiments. When expressed in Ehrlich ascites tumor cells, the conductance of K ϩ through this acid-sensitive channel is strongly inhibited at an acidic pH (6.3) and enhanced at an alkaline pH (8.4) [33] . The voltage-gated K ϩ channel Kv1.5, which is also implicated in volume regulation of murine sperm cells in these experiments, is similarly sensitive to changes in pH. Kv1.5 channels expressed in Xenopus oocytes are blocked at pH 6.3 and insensitive to alkaline pH [43] . One would expect that by incubating a cell in a hypotonic medium of alkaline pH, the return to normal volume would be faster than a cell incubated in a hypotonic medium of an acidic pH as reported for Ehrlich cells [44] . However, in the current experiments, only spermatozoa in Tris-buffered medium of an alkaline pH were significantly larger than the control (BWW 330 pH 7.4) rather than sperm incubated in acidic pH. Because spermatozoa exposed to an alkaline medium buffered with Hepes (although not an optimal buffer at this pH range) were not significantly different than the control, it cannot be excluded that this increase in volume is an effect of the buffer reagent rather than the pH. On the other hand, this variation in response to pH and the differences found for the size of TASK2 proteins in these experiments compared to those previously reported may be indicating that an unknown acid-insensitive channel exists in the murine sperm membrane that is inhibited by Tris.
In conclusion, several potassium channels seem to be involved in volume regulation of murine spermatozoa as judged from the effects of specific channel blockers on this process. Quinine is a broad-spectrum K ϩ channel inhibitor, and 4AP affects members of the voltage-dependent (Kv) family [22] . After excluding K ϩ channels not likely to be involved in volume regulation, Kv1.4, Kv1.5, Kv4.2, and Kv4.3 remain as putative channels, suggestions consistent with the inhibitory effects of phrixotoxin (which inhibits Kv4.2 and Kv4.3), flecainide (inhibits Kv4.2 and Kv4.3), and Cd 2ϩ (inhibits Kv4.3). The sensitivity to clofilium also suggests an involvement of the TASK2 and mink channels. Western blots confirmed the presence of Kv1.5 and TASK2 protein in sperm membranes but did not provide evidence for Kv4.2, Kv4.3, or Kv1.4. These channels, which may have overlapping ranges of activation, could work in concert to produce successful volume regulation. While K ϩ channels appear to have a prominent role in volume regulation of murine spermatozoa, it is possible that other channels are also involved. Future research should determine if various anion and organic osmolyte channels contribute to the volume regulatory responses of murine spermatozoa. Targeting these channels may have contraceptive potential by preventing volume regulation of sperm in the female tract and preventing their migration to the site of fertilization.
